Congenital cataracts, although much less common than their age-related counterparts, account for one-tenth of cases of childhood blindness. Approximately half are inherited, either in isolation or as part of a syndrome of ocular or systemic anomalies. This article reviews recent advances made in understanding the molecular genetic basis of isolated, nonsyndromic inherited cataract.
Introduction
Congenital cataracts, although much less common than their age-related counterparts, account for one-tenth of cases of childhood blindness [1] . The prevalence of cataract in childhood is estimated between 1 and 6 per 10,000 [2] , with an incidence of 2.2 to 2.49 per 10,000 live births [3, 4] . Approximately half are genetically determined. The cataract may be isolated, be associated with other developmental abnormalities of the eye, or form part of an inherited multisystem disorder [5] . The causes of the remainder include intrauterine infections (rubella, varicella, toxoplasmosis), metabolic disorders, trauma, and juvenile ocular inflammatory disease [6] . In many cases, particularly those with unilateral involvement, the cause remains unknown.
Inherited congenital cataract was the first autosomal disease to be genetically mapped in humans [7, 8] and the condition has subsequently been shown to display considerable genotypic and phenotypic heterogeneity [9] [10] [11] . Most cataracts are inherited as autosomal dominant traits in which penetrance is almost complete but expressivity is highly variable. Less frequently, autosomal recessive and X-linked inheritance patterns are seen [12] [13] [14] .
Childhood cataract phenotypes
There is no agreed-upon categorization for the patterns of cataract, although one large study of more than 400 affected individuals has proposed a classification that incorporates both the appearance and the distribution of opacification [9, 11] . Terms in common usage by authors include (most frequent first) nuclear, lamellar (in which opacification is limited to single lamella), pulverulent (opacities are dust-like), posterior polar, cerulean (bluedot), and anterior polar [15] . Typically, the type of cataract is consistent between eyes of the affected individual and among relatives in the same pedigree, although the severity may vary. It is important, therefore, in research studies and in genetic counseling, to undertake dilated slit-lamp examination in all at-risk family members to exclude mild asymptomatic lens opacities, most particularly since there is evidence that it is difficult to ascertain cataract status accurately from history alone [16] . It is not possible to distinguish between the different forms of inherited cataract by an examination of the lens phenotype, but total cataract at birth is rare in children with autosomal dominant disease but is common in affected boys with X-linked cataract; heterozygous females usually show minor lens opacities that often involve the sutures.
The visual outcome for congenital cataract depends on the age at diagnosis and whether the cataract is complete or incomplete at birth. Complete cataract requires early surgery and optical rehabilitation, in contrast to partial cataract, for which surgery can often be delayed until later childhood with good visual outcome [15] .
Lens cell biology and the molecular genetics of isolated inherited cataract
Inherited cataract exhibits both locus and allelic heterogeneity [10]. Mutations have now been described in a large number of different genes expressed within the lens (Table 1) . To date, relatively few mutations have been reported in each gene, suggesting that no one gene accounts for a high proportion of cases.
Crystallin gene mutations
The ␣, ␤, and ␥ crystallins are stable water-soluble proteins highly expressed in the lens; they make up 90% of the lens proteins and play a key role in maintaining lens transparency [17, 18] . Crystallins are also found in other ocular and nonocular tissues, where they serve different functions, an example of "gene sharing" [19] . ␤and ␥-crystallins fold into four "Greek key motifs" that facilitate tight packing of the molecules, thereby minimizing light-scatter. In contrast, ␣-crystallin, the most abundant lens crystallin, assumes a globular conformation that may be related to its role as a molecular chaperone [19] . The lens crystallins represent excellent candidate genes for inherited cataract, and it is not surprising that more than 15 different crystallin mutations have been reported in association with childhood cataract.
The ␥-crystallin gene cluster (2q33-35) comprises functional genes ␥A to D, although only ␥C and ␥D are highly expressed in the human lens. Dominant missense mutations in these genes have been shown to result in a wide variety of early-onset cataract phenotypes. For example, three mutations, ␥C Thr5Pro [20,21], ␥D Arg58His [21], and ␥D Arg14Cys [22] are reported in association with pulverulent, aceuliform, and progressive juvenile punctate cataracts, respectively. Recently, a further mutation has been shown to result in cerulean cataracts in a family of Moroccan descent (␥D Pro23Thr) [23•]. An identical mutation has been reported in association with a lamellar cataract in an Indian family [24] . Intriguingly, Klopp et al.
[25] reported a single base-pair change that introduces a premature stop codon in the ␥A crystallin gene. Although the sequence variation was not observed in controls, it did not segregate with the disease phenotype in the family with sutural cataracts and is therefore not the causative mutation. Presumably, the result of the mutation is a truncated nonfunctional protein that is rapidly degraded or exerts no dominant-negative effect.
One central question is how each mutation disrupts lens fiber function and leads to clinically distinct opacities. In humans, some ␥-crystallin gene mutations are associated with crystalline-like lens opacities [21, 26] and it has been suggested that cataract formation is the result of spontaneous crystallization of the mutant protein due to its reduced solubility [27] . In a current study of mouse ␥-crystallin gene mutations associated with cataract, lens fibers became opacified as a result of aggregation of mutant proteins as amyloid-like inclusions [28••].
␤-crystallin gene mutations have been shown to manifest clinically as cerulean and pulverulent cataracts (␤B2 Q155X [29-31], ␤A1 donor splice junction site intron C [32]). This year saw the first report of a mutation (G220X) in the ␤B1-crystallin gene that results in autosomal dominant pulverulent lens opacities [33••]. Three families have now been reported with an identical mutation in the ␤B2 gene and each has a very different cataract phenotype, indicating that other factors such as modifier genes or possibly environmental factors may modify the lens phenotype. Such modifier gene influences have been identified in a recessive murine cataract, and it is likely that similar gene-gene interactions will be subsequently identified in human cataract [34, 35] .
Mutations in the ␣-crystallin genes have also been identified: ␣A Trp9X [36]), ␣A Arg116Cys [37], and ␣B ⌬450A [38] . Recent functional analyses of the ␣A Arg116Cys identified significant misfolding of the mutant protein, which also exhibited partial loss of chaperone activity [39•], similar to the predicted consequences of the ␣B ⌬450A. Another ␣B-crystallin (Arg120Gly) has been described in a family with cataract and desminrelated myopathy, the latter feature presumably due to impaired chaperone function [40] . In an elegant study, Fu and Liang used a mammalian two-hybrid system to investigate the effects of the ␣A Arg116Cys and ␣B Arg120Gly mutants on interactions between these proteins and other major lens constituents in vitro. Their findings support the notion that the functional effects of the mutations are to reduce protein solubility, increasing the likelihood of precipitation, seen clinically as cataract [41••].
Connexins, aquaporin, and intercellular communication
Cellular solute and fluid balance is achieved by an extensive array of "thin" and "gap" junctional membrane proteins. Thin junctions regulate the selective transport of water molecules across cell membranes, the most abundant of which in humans is MIP, the major intrinsic protein of the lens. 
Mutations in genes encoding cytoskeletal elements
Secondary lens fiber differentiation is accompanied by the replacement of standard cytoskeletal elements by CP49 and filensin, which assemble into a novel structure referred to as the beaded filament. Identification of two mutations in the BFSP-2 gene encoding CP49, Arg287Trp [54] and ⌬233 [55], suggesting mutations in its beaded filament companion filensin will soon be reported. Recently, characterization of a targeted mouse CP49 knock-out revealed dramatic alterations in lens fiber cell surface, thus identifying a functional link between transparency, the cytoskeleton, and membrane organization [56••]. In another murine knock-out model, targeted deletion of CP49 was found to dysregulate the protein levels of its assembly partner filensin, suggesting a mechanism for the regulation of beaded filament protein stoichiometry [57].
Transcriptional regulators
A missense mutation (Ser13Asp) in the gene PITX3 was the first to implicate a developmental regulator gene with congenital cataract. Although the mutation is not within the critical homeobox domain, the substitution is predicted to affect either DNA or protein binding [58] .
In a study of a large Chinese pedigree with lamellar-type cataracts, Bu et al.
[59••] recently reported a mutation (Leu115Pro) within the HSF-4 gene, which encodes heat shock protein factor-4. This prompted sequence analysis of this gene in a Danish family with phenotypic similarities previously mapped to the same chromosomal location, identifying a missense mutation, Arg120Cys. Two other putative mutations were also documented in sporadic cases (Ala20Asp and Ile87Val). HSF-4 is expressed in the lens, where it regulates expression of several heat shock proteins, thought to be crucial for proper lens development. The likely effect of each mutation is to dysregulate this process by interfering with HSF-4 DNA binding. Other developmental genes associated with cataract (and often other anterior segment anomalies) include PAX6 [60] and MAF [61] [62] [63] . A recently described novel phenotype with cataract and other developmental abnormalities is the MRCS (microcornea, rod-cone dystrophy, cataract, and posterior staphyloma) syndrome [64] . Interestingly, this family maps genetically to chromosome 11 close to but excluding the PAX6 gene. The authors speculate that perhaps the mutation resides with a cis-acting regulatory domain.
Hyperferritinemia-cataract syndrome
Hyperferritinemia-cataract syndrome is an autosomal dominant condition in which hyperferritinemia without hemochromatosis is seen with cataracts. A number of mutations have been identified in the gene encoding the light chain ferritin (L-ferritin) iron-responsive element: A40G, C39U. Recently, the identification of mutations G32C [65] , C39A [66], and G32U [66•] have added to this heterogeneity. Interestingly, dominantly inherited hyperferritinemia with iron overload has been shown to result from a mutation in the ferroportin gene [67] . Affected individuals do not have cataracts. These syndromes may thus be more common than previously thought, raising the possibility that early recognition of lens opacification and/or genetic testing may prevent the incorrect management of these patients as hemochromatosis sufferers.
The I-blood locus and congenital cataract
The human I blood antigen is a branched repeat of Nacetyllactosamine expressed not only on the surface of red blood cells but also on many other nonhematologic cell types. It has been noted that the null I phenotype, i, due to lack of functional I-branching transferase, is associated with congenital cataracts in Asian patients [68] . The association has previously been suggested to be the result of close linkage of 2 independent I-and cataract- IGnT, which resides within the I-blood group locus on chromosome 6 and is expressed in the lens epithelium, is associated with cataractogenesis. Future investigations will elucidate the specific functional role of IGnT in the maintenance of lens transparency.
Xp cataract syndromes
Over the past several years, there has been interest in unraveling the genetic defects responsible for a number of conditions with overlapping phenotypes that all map to the same region on chromosome Xp. Of these, Nance-Horan (cataracts, microphthalmia, dental anomalies, evocative features, and mental retardation) has now been refined [70] to a much smaller chromosomal location that still overlaps with the locus for isolated congenital cataract [14] .
Animal models of cataractogenesis
Animal models of disease provide powerful tools to study disease processes in vivo. In the mouse, lens opacities are easily detectable and consequently more than 100 strains with mostly dominantly inherited cataracts have been characterized. Despite similarities at the genomic level, it is notable that there are many phenotypic differences between murine and human cataracts. Nonetheless, these animal models have contributed significantly to our understanding of the mechanisms underlying cataractogenesis [71] and have proved useful in identifying genes that are good candidates for human childhood cataract. Recent highlights include the identification of mutation in the ␥F-crystallin gene in a mouse with radial lens opacities [72] . All the mouse lens crystallins have now been implicated in cataract. Cataracts are also present in mice carrying mutations in the Af4 transcription factor gene [73] and the gene encoding perlecan, an extracellular matrix protein [74], identifying these genes as candidates for human cataractogenesis.
Conclusion
Childhood cataract exhibits considerable complexity both at the clinical and genetic level, and mutations in many of the major lens genes have now been shown to cause cataract. Opacification may thus be viewed as the final common consequence of lens fiber cell dysfunction, though it is only now becoming clear through functional analyses that the precise processes by which cataract develops are varied. Characterization of the genetic defects underlying childhood cataract should lead to a greater understanding of the pathogenesis of the more common age-related counterpart (which also has a strong genetic component to its etiology) and in the longer term may lead to the development for a medical therapy to slow down lens opacification. • 39 Bera S, Thampi P, Cho WJ, Abraham EC: A positive charge preservation at position 116 of alpha A-crystallin is critical for its structural and functional integrity. Biochemistry (Mosc) 2002, 41:12421-12426. It is predicted that crystallin gene mutations that result in substitutions within the protein will result in misfolding of the molecule and reduced solubility. The authors studied the ␣A-crystallin mutation, Arg116Cys, and identified significant misfolding of the mutant protein, which interfered with chaperone activity of the protein, similar to the predicted consequences of the ␣B ⌬450A. Using a mammalian two-hybrid system, the authors investigated the effects of the ␣A-crystallin Arg116Cys and ␣B-crystallin Arg120Gly cataract-causing mutants on interactions between these proteins and other major lens constituents in vitro. Their findings support the notion that the functional effects of these mutations are to reduce protein solubility, increasing the likelihood of precipitation, seen clinically as cataract. 
